Water-soluble pro-sensors for acryl compounds including acrylamide (AM) were developed. Spontaneous conversion to active thiolate (Ph-S and Nap-S) occurs through pH-increase. While Ph-S forms flat nano-tapes with AM, Nap-S acted as a turn-on fluorescence detector, sensing AM up to the ppm level.
Different acrylic monomers such as acrylamide (AM) and its precursor acrylonitrile (AN), as well as acrylates such as methyl acrylate (MA), ethyl acrylate (EA) and methyl methacrylate (MM) are produced industrially in tonnage quantities. These monomers are employed as raw materials in plastic and textile industries. 1, 2 AM is also employed as a flocculent in sewage treatment and as a soil conditioning agent. AM is also reported to be present in industrially prepared food items that have been heated above 120 1C, 3 and its presence in biological fluids is carefully monitored due to potential negative health effects. The deleterious health effects of AM vary with the extent of exposure -while short term contact may result in severe eye and skin irritation, long term exposure may have carcinogenic effects. [4] [5] [6] Most of these compounds have a high tendency to dissolve into water. Due to their widespread use, these monomers can easily leach into water and contaminate it, and their removal from water is not straightforward. While other acrylates mentioned here are highly volatile and can be detected through techniques such as gas chromatography coupled with mass spectrometry (GC-MS), AM is even more challenging to detect and sequester. AM has a low vapour pressure and is not amenable to detection by GC-MS. Researchers have developed specific mass spectroscopy methods such as gas chromatography with electron capture detector (GC-ECD) and high-performance liquid chromatography with UV (HPLC-UV) to detect AM, 7-10 although detailed pre-treatment of contaminated samples is required. For example, bromination of AM affords 1,2-dibromopropionamide that is unstable in water but has a high partition coefficient in organic solvents, and can be detected by the GC-ECD method. Additional extraction methods and detection techniques have been developed to enhance the limit of detection. In another protocol, AM was reacted with diazoalkane to produce a strong yellow-coloured product that could be detected through colorimetry. However, this colorimetric method works exclusively in an organic phase. All the above methods need chemical modification of AM prior to detection, and no suitable chemical method or reagent is available in the literature to detect AM in aqueous medium.
Here, we report two water-soluble pro-sensors (Ph-amn and Nap-amn) for direct detection of acryl compounds including AM in aqueous medium. We employed the S-to-N acyl transfer step, akin to the final step of native chemical ligation ( Fig. 1a ), to activate these pro-sensors. [11] [12] [13] [14] These pro-sensors were synthesized using a common scheme (Scheme S1, ESI †), and differ in the aryl unit attached to the amine end of L-alanine. While Ph-amn contains a phenylacetyl unit, Nap-amn contains a 1-naphtheleneacetyl residue protecting the amine end of L-alanine. We have been investigating the self-assembly of amino acid derivatives containing such rotationally flexible aromatic N-protecting residues, and have found that these derivatives respond to chemical and physical cues. 15, 16 In the current design, the carboxylic acid end of alanine was converted to thioester using 2-aminoethane thiol. A generalized structure of the compounds can be seen in Fig. 1b . Due to the terminal ammonium residue, these pro-sensors were freely water soluble. Upon an increase of pH, these compounds spontaneously undergo S-to-N acyl shift via a five membered transition state to yield the active sensor containing thiolate functionality, as indicated in Fig. 1b . This transformation was characterized by 1 H NMR spectroscopy in D 2 O for the Ph-amn pro-sensor ( Fig. 2a ). An increase of pH (using 1 M phosphate buffer of pD = 8) resulted in the instantaneous formation of Ph-S. During the whole process, the aqueous medium remained clear (as can be seen from the low scattering for blue data points in Fig. 2b ). In contrast, when Ph-S synthesized independently according to Scheme S3, ESI, † was employed, it required strong heating to get solubilized in water, and then also, started precipitating gradually as the hot aqueous solution cooled. We believe that this is due to extensive intermolecular H-bonding between Ph-S molecules in the solid state, which needs to be overcome by water to solubilize it. Thus, use of a pro-sensor seemed to be a more straight-forward approach to yield clear solutions of Ph-S for further use.
We investigated the pH-induced spontaneous transformation of Ph-amn to Ph-S further. 1 H NMR experiments demonstrated rapid and exclusive intra-molecular S-to-N acyl shift of Ph-amn to form Ph-S ( Fig. 2a ). The formation of Ph-S under these conditions was complete within a couple of minutes. We also performed competitive studies using externally-added 1-aminohexane (HA) as a secondary nucleophile that can attack the thioester Ph-amn inter-molecularly ( Fig. S1 , ESI †). Irrespective of whether the pH increase was undertaken before or after the addition of HA, there was no evidence of any intermolecular attack of HA on Ph-amn. The formation and stability of Ph-S were also probed by 5,5 0 -dithiobis(2-nitrobenzoic acid) (DTNB) assay ( Fig. 2b ). As can be seen in the inset of Fig. 2b , the free thiolate concentration increased very rapidly after pH increase, peaking within about 15 min, before reaching a somewhat lower equilibrium concentration within about 20 min. The minor decrease in free thiolate concentration is presumably due to some aerial oxidation of the thiolate under the basic conditions. However, beyond this point, the thiolate concentration did not change for 410 h unless an external oxidant (such as H 2 O 2 ) was added to the reaction mixture. Addition of H 2 O 2 caused an immediate decrease of absorbance at 412 nm (Fig. 2b) , due to conversion of Ph-S to its disulphide form. We also measured the turbidity of Ph-S solution during the whole process. Before H 2 O 2 addition, the solution of Ph-S had negligible scattering and the sample was visually clear. Addition of H 2 O 2 resulted in immediate formation of a copious white precipitate, which was reflected in a sharp increase in the turbidity (Fig. 2b) . We confirmed by 1 H NMR and mass spectrometry ( Fig. S2 and S3 , ESI †) that this enhanced turbidity was due to the formation of water-insoluble disulfide (Ph-SS-Ph). Scanning electron microscopy (SEM) observation of the precipitate showed the presence of tape like assemblies having a distinct right handed helicity (Fig. 2c) , reflecting the chirality present in the molecule.
The above experiment indicated that the thiolate generated upon pH-induced S-to-N acyl transfer was kinetically stable at least for a few hours. We thus exploited the well-known Michael addition of thiolates with Michael acceptors like a,b-unsaturated carbonyl compounds. 17, 18 Here, we employed Ph-S to detect water soluble acryl compounds such as AM, AN, MA, EA and MM through the formation of Michael adducts with them. Upon addition of one equivalent of any of these compounds to the Ph-S solution, we noticed significant precipitation within a short interval (Fig. 3a) . For all the acrylates (except MM), the precipitate formation saturated within 10 min. With MM, it took somewhat longer (ca. 20 min) to observe the emergence of the complete turbidity. This may be due to slower kinetics of reaction between MM and Ph-S. Turbidity measurements showed significantly high scattering values for the samples containing acrylates (Fig. 3b ). We confirmed that this screening worked even for AM solutions prepared in tap water and also in simulated body fluid (SBF, Fig. 3c ), and all test samples were highly turbid while all the control samples had very low turbidity. SBF has pH and ion content similar to that found in human serum plasma. It was used as a surrogate of protein-free biological fluid to exemplify the utility of Ph-S in detecting AM under biorelevant conditions. We conducted SEM imaging of the precipitates formed from the reaction between the acryl compounds and Ph-S. While Michael adducts of Ph-S and AM formed tape-like nano-assemblies (Fig. 3d) , AN yielded thin fibres, MA yielded tapered cuboids (Fig. S4, ESI †) . Under similar conditions, EA produced flat plate-like assemblies with Ph-S while MM produced bulky unstructured assemblies. The formation of all the Michael adducts was confirmed by mass spectrometry too ( Fig. S5-S9 , ESI †). With Ph-S, we observed considerable precipitation only at AM concentrations of Z14 mM. At 14 mM AM concentration, the sample needed to be incubated for about 45 min to obtain the maximum turbidity (Fig. S10, ESI †) . Ph-S thus has a rather poor detection limit (14 mM) for AM. To enhance the detection limit, we employed Nap-amn that too undergoes rapid intramolecular S-to-N acyl shift upon pH increase (see Fig. S11 , ESI, † for 1 H NMR of Nap-S). Due to the presence of the naphthalene residue in this compound, we could employ fluorescence spectroscopy to detect AM using Nap-S. The Nap-S compound also undergoes analogous Michael reaction with AM to yield the adduct shown in Scheme S2, ESI. † To Nap-S solution we added different concentrations of AM. Generally, AM acts as a fluorescence quencher. However, in the present case, the fluorescence intensity of Nap-S increased with incremental addition of AM (Fig. 4a ), while the control sample (to which only water was added) did not show any change. The fluorescence enhancement in test samples is attributed to the formation of the Nap-S + AM adduct (Fig. S12 , ESI †) that exhibits stronger fluorescence compared to Nap-S. The enhancement of fluorescence was discernible even at AM concentrations as low as 2.5 ppm. For the 16 ppm of AM, an incubation time of approximately 30 min was needed to obtain complete enhancement of fluorescence (Fig. 4c ). We observed minor, batch-tobatch differences in the fluorescence profiles of Nap-S originating from the source of the 1-naphthalene acetic acid precursor. However, this did not alter the ability to detect AM by an increase of fluorescence intensity. The powder X-Ray diffraction (PXRD) studies indicated that the Nap-S + AM adduct is highly amorphous and a broad peak was observed at ca. 231 (Fig. S13, ESI †) . This corresponds to a d-spacing of 3.6 Å, indicating that the sample has pi-stacked naphthalene units. No further information could be extracted from the PXRD due to the amorphous nature of the sample.
In conclusion, aryl-thioester pro-sensors (Ph-amn and Nap-amn) for detecting water soluble acrylates were synthesized. These compounds were activated through a spontaneous S-to-N acyl shift that occurs upon pH increase. The resulting thiolates provided easy and rapid indication of different water soluble acrylates. With AM, either tape-like nanoassemblies were obtained (upon employing Ph-S), or enhancement of fluorescence was noticed (with Nap-S). Using Nap-S, acrylamide could be detected at concentrations Z2.5 ppm in the aqueous medium.
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